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The experimental discovery that neutrinos almost certainly have masses and mix raises a number of fundamental 
questions about the neutrinos. We discuss what is presently known about the answers to these questions, and 
how we can learn more. 



Thanks to very strong evidence that neutri- 
nos oscillate jjj, we now know that they almost 
certainly have masses and mix. That neutri- 
nos have masses means that there is some spec- 
trum of three or more neutrino mass eigenstates, 
v \ > v % , 1/3 , . . ., which are the neutrino analogues of 
the charged-lepton mass eigenstates, e, /i, and r. 
That neutrinos mix means that the weak interac- 
tion couples a given charged-lepton mass eigen- 
state I (= e, /1, or r) to more than one neutrino 
mass eigenstate v m . For example, in the weak 
process W + — » i + v m with a given £, the pro- 
duced neutrino can be any of the mass eigen- 
states. The amplitude for it to be the specific 
mass eigenstate v m , U£ m , is an element of the 
unitary leptonic mixing matrix, often referred to 
as the Maki-Nakagawa-Sakata |2| matrix. Since 
W + — > t + v m with given £ yields the neutrino 
mass eigenstate v m with amplitude U^ m , the neu- 
trino state \vi) created in this process is 

m 

This state, produced in association with the 
charged lepton of "flavor" I, is called the neutrino 
of flavor i. 

Although there are only three charged leptons 
of definite mass, there may be more than three 
neutrinos of definite mass. If there are, say, four 
such neutrinos v mi then one linear combination 
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of them, 

I f Sterile) =^V* sm \v m ) , (2) 
m 

has no normal weak couplings. In consequence, 
this linear combination is referred to as a "sterile" 
neutrino. 

Having discovered that neutrinos have masses 
and mix, we would like to learn the answers to 
the following questions: 

• How many neutrino flavors, active and ster- 
ile, are there? Equivalently, how many neu- 
trino mass eigenstates are there? 

• What are the masses, M m , of the mass 
eigenstates v m 1 

• Is each neutrino of definite mass a Majo- 
rana particle (u^ = v m ), or a Dirac particle 
(i^T ^ v m )1 

• What are the elements Ui m of the leptonic 
mixing matrix? 

• Does the behavior of neutrinos, in oscilla- 
tion and other contexts, violate CP invari- 
ance? 

• What are the electromagnetic properties of 
neutrinos? In particular, what are their 
dipole moments? 

• What are the lifetimes of the neutrinos? 

Let us discuss each of these questions in turn, 
recalling what is already known about the ques- 
tion, and considering how we can learn more. 
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It is generally believed that if the solar, atmo- 
spheric, and LSND neutrinos all genuinely oscil- 
late, then there must be more than three neutri- 
nos. A number of attempts have been made to ac- 
commodate all three of these oscillations with just 
three neutrinos || . However, it has also been ar- 
gued that such attempts cannot succeed Jij . The 
basic reason is that each of the three reported os- 
cillations requires a neutrino squared-mass split- 
ting SMl, = M 2 - M 2 , which is of a different 

C 771 771 Tn 77j' 

order of magnitude than the splittings required 
by the other two. This is summarized in the ta- 
ble below. 

Oscillating Neutrinos Required |<5Af 2 (eV 2 ) 
Solar^ Bet. 1CT 11 and 10" 4 

Atmospheric Few xlO -3 

LSND ~1 

Now, if there are only three neutrino mass eigen- 
states, then there are only three distinct splittings 
(5M^ m ,, and they are related to each other by 

J2 5M ™m' = 

(M 3 2 - Ml) + (Ml - Mf) + (Ml - Ml) 
= . (3) 

But if the 6M 2 values called for by the three os- 
cillations are of three different orders of magni- 
tude, then, regardless of their signs, they cannot 
possibly satisfy this relation. Thus, to explain 
the solar, atmospheric, and LSND oscillations, we 
must add a fourth neutrino mass eigenstate. Now, 
the decays Z — » v{vl yield only three distinct 
neutrinos of definite flavor. Thus, the four neu- 
trino flavor eigenstates corresponding to the four 
mass eigenstates must include one which does not 
couple to the Z and hence does not enjoy nor- 
mal weak interactions. That is, the four flavor 
eigenstates muist be , >/ M , z/ r , and a sterile neu- 
trino /^sterile Thus, if the solar, atmospheric, and 
LSND oscillations are all real, nature contains a 
fourth neutrino quite unlike the three neutrinos 
with which we are already familiar. 

To determine the masses M m of the neutrinos 
of definite mass, we will have to appeal to ex- 
periments other than neutrino oscillation studies, 
because neutrino oscillation can determine only 



mass splittings. To see why, recall that the am- 
plitude A (ui — + v^i ) for a neutrino of flavor £ and 
energy E to oscillate into one of flavor £' in a 
distance L is given by 

A (v t ->!*)=£ U; m U tm e- iM - ™ . (4) 

m 

Notice that in this amplitude, the neutrino 
masses M m occur only in phase factors. When 
we calculate the oscillation probability P (vi — > 
V£>) — \A(vi — ^ vi>)\ 2 , only relative phases will 
matter, so P (yi — > vy) will depend only on the 
mass splittings SM^ m , = M^ — M^, , and not on 
the individual masses ||. 

An experiment which, in principle, can provide 
information on individual neutrino masses is the 
study of the electron energy spectrum in tritium 
f3 decay, 3 H — > 3 He + e~+V. However, this study 
may not be able to achieve sensitivity to masses 
M m much below 1 eV §|. Now, there may in- 
deed be neutrino mass eigenstates with masses 
this large. In fact, if the LSND oscillation is gen- 
uine, then there must be at least one mass eigen- 
state, v H , with mass M H > (5M^ SND ) X / 2 > (0.2 
e V 2 ) 1 /2 ~ o.4 eV. Here, 6Ml 3ND is the squared- 
mass splitting required to fit the LSND data 0. 
Perhaps the mass Mjj > 0.4 eV would be within 
range of improved tritium experiments of the fu- 
ture. However, the branching ratio for emission of 
vh in tritium decay, BR( 3 H — > 3 Hc + e^+TTn) ~ 
|/7 e _f/| 2 , may or may not be large ||. Moreover, 
should it turn out that the LSND oscillation is 
not genuine, then the heaviest mass eigenstate 
may have a mass no larger than (^-^Atmos) 1 '' 2 ~ 
(3.2 x 10~ 3 eV 2 ) 1 / 2 - 0.06 eV. The latter mass, 
which appears to be out of reach of tritium ex- 
periments, is the minimum mass implied by the 
squared-mass splitting <5M| tmos required ||] to fit 
the atmospheric neutrino oscillation data. If the 
LSND oscillation is not real, then 5M^ tmos is the 
largest splitting implied by the oscillation data. 

The conclusion is that it is important to pursue 
the tritium experiments, since there may well be 
a neutrino with a mass in the 1 eV range, but it is 
also important to try to think of some clever ap- 
proach that will make possible the measurement 
of individual neutrino masses far below 1 eV. 

Is each neutrino of definite mass v m identical 
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to its antiparticle? First of all, what does this 
question mean? We know that in the weak decay 
W + — > £ + u m (h), the outgoing neutral particle is 
emitted with left-handed helicity h: h = —1/2. 
By contrast, in the decay W~ — > l~v m (h), the 
neutral particle is emitted with right-handed he- 
licity: h — +1/2. In the W + decay, the outgoing 
neutral particle is called a neutrino because it is 
produced together with a charged lepton of posi- 
tive charge. In the W~ decay, it is called an "an- 
tineutrino" because it is produced with a charged 
lepton of negative charge. Now, the question is 
whether helicity is the only difference between the 
v m (h = +1/2) emitted in the W~ decay and the 
Vm{h = —1/2) emitted in the W + decay. Would 
a V^{h = +1/2) become a v m {h = —1/2) if we 
could somehow reverse its helicity? If it would, 
then for a given helicity, 



Nucleus^ 



v m (h) = v m (h) 



(5) 



When we say that v m is identical to its antipar- 
ticle, we mean that it obeys this condition. It is 
then referred to as a Major ana neutrino. 

It may be that the u^{h — +1/2) emitted in 
W~ decay and the v m (h = —1/2) emitted in W + 
decay not only have opposite helicity, but also 
differ from one another by a quantum number, 
such as the hypothetical conserved lepton number 
L which distinguishes a lepton from an antilepton. 
If V^(h = +1/2) and v m (h — —1/2) do have such 
an added difference, then 



I'm CO + 1 v m (h) 



(6) 



That is, v m is not identical to its antiparticle. A 
neutrino which carries a conserved quantum num- 
ber, so that its antiparticle will carry the opposite 
value of this quantum number and hence differ 
from the neutrino, is called a Dirac neutrino poj . 

The most popular explanation of why neutrinos 
are so light, the "see-saw mechanism" Jll[], pre- 
dicts that they are Majorana particles. To try to 
confirm this prediction, one may look for neutri- 
noless double beta decay (PPov)- This is the pro- 
cess Nucleus — > Nucleus' + 2e~ , in which one nu- 
cleus decays into another with the emission of two 
electrons and nothing else. IiT\^{h) = u m (h), this 
decay can proceed via the diagram in Fig. [j]. In 




Nucleus 



Figure 1. Neutrino-exchange diagram for (3[3q v . 
A coherent sum over the contributions of the dif- 
ferent neutrino mass eigenstates v m must be per- 
formed. 



this diagram, two virtual W bosons are emitted, 
and then these bosons exchange one of the neu- 
trino mass eigenstates to create the outgoing elec- 
trons. The coupling acting at the vertices where 
the electrons are produced is assumed to be the 
left-handed Standard Model (SM) weak interac- 
tion. For defmiteness, we shall suppose that the 
exchanged neutrino is created at the upper ver- 
tex in Fig. 0, and absorbed at the lower vertex, 
as indicated by the arrows. Now, the SM weak 
interaction conserves L. Thus, if v m and dif- 
fer, then the neutral particle created at the upper 
vertex together with an e _ must be a u^. How- 
ever, when this same particle is absorbed at the 
lower L-conserving vertex to make the second e~ , 
it must be a v m . Thus, if 17^ ^ u m , this diagram 
cannot occur. By contrast, if 77^" = i/ m , the dia- 
gram does occur. Thus, the observation of (3(3q v 
would demonstrate that neutrinos are Majorana 
particles. 

The amplitude for the left-handed SM interac- 
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tion to absorb the v m in Fig. [j] to make an e _ is 
small unless the v m helicity h — —1/2. However, 
the amplitude for this same interaction to create 
the v m at the upper vertex together with an c~ 
but with h = —1/2 is of order M m j (Energy of 
the neutrino). Thus, in view of the factor U em 
which describes the coupling of a v m to an elec- 
tron at each of the two weak vertices in Fig. |l|, 
we conclude that, if — i/ m , 

Amplitude = 

M m Ul n ) x (Nuclear Factor) . (7) 

m 

The factor J^m ^mU^ m = Mpp is referred to 
as the effective neutrino mass for (3(3$ Vl and the 
"Nuclear Factor" describes the very nontrivial nu- 
clear physics of the process [|L2| . 

To determine the elements Ui m of the leptonic 
mixing matrix, we can appeal to experiments on 
neutrino oscillation. The probability P (yi —> 

vi> ) for a neutrino (antineutrino) of energy E, 
born with flavor £, to oscillate in a distance L 
into a neutrino (antineutrino) of flavor £' is given 
by 

P [yi ->>vti) = 

Suf-A *KPUl';mm>) sin 2 (<JAf2 m ,A) 

m>m 

,1,2^ Z(U u , ;mm ,)sm(6AC m/7 ^) , (8) 

where U u >;mm' = u e m Ue' m Ui m 'Up m ,. From these 
expressions, we see that complex phases in U 
can lead to CP-violating differences between cor- 
responding neutrino and antineutrino oscillation 
probabilities. However, suppose some oscillation 
involves only two neutrinos, or effectively only 
two neutrinos. By the latter, we mean that 
there are, say, three neutrino mass eigenstates 
V\i v 2, ^3, but v\ and v% are nearly degener- 
ate, and act in many ways like a single neutrino 
in experiments whose L/E is insufficiently large 
to reveal that SM^ is not zero. One can show 
that when oscillation involves only two, or effec- 
tively only two, neutrinos, the oscillation prob- 
ability depends only on the sizes of the matrix 
elements Ut m , and not on their phases. Thus, 



sizes of the Ue m can be determined via suitable 
oscillation experiments Q. 

The phases of combinations of U elements could 
be determined by studying the CP-violating ef- 
fects to which these phases lead. The matrix 
U can contain two types of CP-violating phases: 
Universal phases, which can be present whether 
neutrinos are Dirac or Majorana particles, and 
Majorana phases, which can be present in addi- 
tion to the Universal phases if neutrinos are Majo- 
rana particles. For a given number of neutrinos, 
the number of independent CP-violating phases 
of each type that U can contain is as indicated in 
the following table. 



Number of 


Universal 


Majorana 


Neutrinos 


Phases 


Phases 


2 





1 


3 


1 


2 


4 


3 


3 



To understand why U can contain more CP- 
violating phases when neutrinos are Majorana 
particles that it can when they are Dirac particles, 
let us momentarily consider quark mixing. Phases 
can be removed from the quark mixing matrix V 
by redefining any quark field q by multiplying it 
with a phase factor: q — > e lip q. Any phase which 
can be removed from V in this way has no phys- 
ical consequences. Phases can be removed from 
the leptonic mixing matrix in a similar fashion. 
However, when — v m , then, roughly speaking, 
the v m field is its own charge conjugate. That is, 

Charge conjugate (v m ) = Cv^ T = v m , (9) 

where C is the charge conjugation matrix and T 
stands for transpose. Obviously, we are not free 
to subject a v m field which must satisfy Eq. (|9|) 
to the redefinition v m — > e l¥ V m , because under 
this redefinition — > e~ ltp u^, and Eq. ^ is 
no longer satisfied. Thus, some of the phases 
which can be removed from U when neutrinos 
are Dirac particles like quarks cannot be removed 
when neutrinos are Majorana particles. These 
unremovable "Majorana" phases have physical 
CP-violating consequences. However, it can be 
shown that the Majorana CP-violating phases af- 
fect P0oi/, but not neutrino oscillation. In con- 
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trast, the Universal CP-violating phases affect 
neutrino oscillation, but not fiflav Thus, one 
seeks evidence of these two kinds of CP-violating 
phases in two quite different kinds of experiments. 

In neutrino oscillation, the CP-violating ob- 
servable is the difference 



A CP (M) EE P(yt ->!/*)- P (~i -» W) , 



(10) 



where £' =/= i. Interestingly enough, if there are 
only three neutrinos, then 



Acp(e^) = A C p{ht) = A C p(re) 
= I6JS12S23S31 , 



(11) 



where J = ^(UeiU^U^U^), and s rnm i = 
sm(5M^ m ,L/AE). That is, the CP-violating dif- 
ferences Aqp in the three different flavor oscilla- 
tions that one can study are all equal, and they all 
depend on the CP-violating parameter </, which 
obviously is a measure of the degree to which the 
elements Ue m are not real. To observe the dif- 
ferences Acp, one must clearly do experiments 
with L/E large enough that SM^^L/iE is not 
too tiny, even for the smallest of the splittings 
5Mf nm , . These experiments would be both chal- 
lenging and very interesting fl3|| . 

As we have discussed, the observation of (3(3q v 
would establish that neutrinos are Majorana par- 
ticles. In addition, a measured rate for this pro- 
cess, combined with a calculated value of the 
corresponding Nuclear Factor, would determine 
\Mp{>\ = I E ro M m U 2 em \ via Eq. §. Mpp is a dif- 
ferent combination of neutrino masses than the 
(Mass) 2 splittings measured in neutrino oscilla- 
tion. Thus the value of \Mpp\ could test the neu- 
trino mass spectra suggested by the oscillation 
data in ways that the latter data cannot |Q . For 
example, a value \Mpp\ > 0.03 eV would exclude 
a 3-neutrino mass hierarchy like that pictured in 
Fig. ||(A), where it is assumed that M 3 , the mass 
of the heaviest neutrino ^3 , is no larger than nec- 
essary to explain the (Mass) 2 splittings implied 
by the oscillation data. \Mpp\ > 0.03 eV would 
also exclude a 4-neutrino scheme of the type in 
Fig. H(B), where it is assumed that M 3 and M4, 
the masses of the heavy neutrinos f 3 and 1/4, are 
no larger than necessary to explain the (Mass) 2 
splittings implied by the oscillation data, and it 



is also assumed that the light neutrinos v\ , V2 , 
but not the heavy ones, couple appreciably to the 
electron. A value l-M^j > 0.03 eV would allow 
a 4-neutrino spectrum like that of Fig. |](B) but 
where the heavy neutrinos 1/3, ^4 are the ones that 
couple appreciably to the electron. For such a 
spectrum, 



\ M w\ = \J SM Isnd yj 1 - sin2 26 '0 sin2 a CP , (12) 

where <5M 2 SND is the (Mass) 2 splitting called for 
by the LSND oscillation signal, (9 Q is the mix- 
ing angle governing solar neutrino oscillation, and 
olqp is one of the extra Majorana CP-violating 
phases that can occur in the U matrix when neu- 
trinos are Majorana particles. Once <5-ZV/l SND and 
Oq are known, a measurement of \Mpp\ and the 
application of Eq. ([l^) would determine acp- 

Assuming CPT invariance, the magnetic or 
electric dipole moment of a neutrino v m , and 
that of its antiparticle v m , must be equal and 
opposite. Thus, if v m is a Majorana neutrino, 
so that = u m , then its magnetic and elec- 
tric dipole moments must vanish. Only a Dirac 
neutrino can have non-transition dipole moments. 
However, both Dirac and Majorana neutrinos can 
have transition dipole moments, which lead to the 
transitions v m — > v m '^rn + 7- 

In simple extensions of the Standard Model, 
the magnetic dipole moment /i m of a Dirac neu- 
trino v m is very small because it is proportional to 
the mass of v mi M rn . This proportionality is due 
to the fact that the coupling of a neutrino dipole 
moment to a photon must flip the neutrino hand- 
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Figure 2. Neutrino mass spectra suggested by 
neutrino oscillation data. 
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edness, and the only ingredient in the Standard 
Model diagram for this coupling which can cause 



this flip is the neutrino mass 15 1. The propor- 
tionality constant is not large; indeed, one finds 
that @ 



3.2 x 10- 19 M m (eV )fi Bo hr 



(13) 

where /XBohr is the Bohr magneton. Similar con- 
siderations limit the size of any electric dipole mo- 
ment. The latter cannot arise without a violation 
of CP, and consequently is suppressed even fur- 
ther by this circumstance. 

To be sure, models which permit much bigger 
dipole moments have been constructed. One can 
look for neutrino dipole moments by seeking a 
dipole-moment contribution to the scattering of 
either reactor or solar (Tt] ] neutrinos from elec- 
trons. 

The lifetimes of neutrinos may well be deter- 
mined by their radiative decays, v m — > v m > + 7, 
which are their simplest decays into known parti- 
cles. If so, then these lifetimes are extremely long 
compared, say, to one second. The reason is that 
the radiative decays cannot occur at tree level, 
and, like the neutrino dipole moments, they are 
suppressed by the smallness of neutrino masses. 
Exotic decay modes may yield shorter lifetimes 
Q. If there should be a mass eigenstate v m 
which is a component of and which decays 
in less than a second, then the atmospheric neu- 
trino data, which are usually explained in terms 
of — » v T oscillation, can be equally well ex- 
plained in terms of the decay of this v m [jl9| . Of 
course, even with this alternative explanation, the 
atmospheric data still imply that neutrinos have 
mass. 

While the evidence for neutrino mass has be- 
come quite convincing, we are just beginning to 
learn how many neutrinos there are, how much 
they weigh, their nature, and their mixings. We 
will learn a lot about these matters from experi- 
mental results expected to appear in the coming- 
years — years which will be a very exciting time in 
neutrino physics. 
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